Abstract-Biotic interactions in a mixed culture of two microalgae species-Scenedesmus quadricauda (Turp.) Breb. and Monoraphidium arcuatum (Korsch.) Hind.-used in bioassay in monocultures as test objects were studied. The toxic effect of cell-free filtrates from different "age" monoculture (2, 7, 10, 15, 21, and 28 days) of S. quadricauda on the growth of the "young" test culture of M. arcuatum and, conversely, the toxic effect of cell-free filtrates from the different "age" (2, 7, 10, 15, 21, and 28 days) monoculture of M. arcuatum on the growth of the "young" test culture of S. quadricauda was evaluated. Simultaneously, the toxicity of their own filtrates of different "ages" was monitored by a test culture of each species. The interactions of the species in the mixed culture can be regarded as negative, as an antagonistic one, when both populations inhibit the growth of each other through metabolites and food resource competition, while the effect of S. quadricauda on M. arcuatum is much stronger. The main factor constraining the growth of monoculture S. quadricauda is the rapid depletion of the food resource from the medium and not the inhibition of growth by its own metabolites. The depletion of the food resources from the medium in monoculture of M. arcuatum occurs much later than in monoculture of S. quadricauda. Metabolites of S. quadricauda cause a strong inhibitory effect on the growth of M. arcuatum, and the metabolites of M. arcuatum cause a weak inhibitory effect on the growth of S. quadricauda. The filtrates of the "old" culture of S. quadricauda (21-28 days) cause the greatest inhibitory effect on cell division of M. arcuatum. The filtrates of the "old" culture of S. quadricauda (21-28 days) cause the greatest inhibitory effect on cell division of M. arcuatum. Comparative analysis of the cell number dynamics of two species, S. quadricauda and M. arcuatum, in mono-and two-species algal cultures, as well as experiments with filtrates of these monocultures, showed that the interaction of species can be explained by the food resource competition and allelopathic interaction (exometabolite effect).
INTRODUCTION
Microalgae (MA) is an important link in the creation of organic matter in aquatic ecosystems. Development of MA are influenced by abiotic factors and, to a great extent, by biotic interrelations between species within the phytoplankton community. Investigations of MA are aimed at controlling their growth and biosynthesis for successful regulation of water bloom, at obtaining valuable products, use of MA in medicine, food production, manufacture of feeds for animals and fertilizers, use in purification of waste water, and biotesting.
One method of investigations of biological interactions under laboratory conditions is the study of mixed cultures of MA with consideration of population dynamics, biomass of species, and of experimental results with filtrates of monocultures.
The monocultures give a possibility to study "environment-population" relationships, the boundaries of stable coexistence, and conditions of domination and elimination of species.
The competition for a limiting resource (exploitation competition) is one of the biotic factors controlling the structure of a phytoplankton community [1] . Besides, there are allelopathic interrelations between algae via liberation of intravital metabolites inhibiting growth of populations of partners in the community [2] [3] [4] . Thus, the allelopathic active population prevents exploitation of environmental resources corresponding to interferentional competition by community partners [1] .
There may be both negative interactions (exploitational competition, allelopathic inhibition of growth of competitors) and positive interactions (stimulation of growth of accompanying species) between algae [5] .
There is sometimes self-inhibition of species by their own products of life.
The main mechanisms of interspecies competitive interactions ensuring domination of macroalgae in communities are consumption of resources and chemical action on competitors in case of Ahnfeltia tobuchiensis and Gracilaria gracilis, occupation of space and shading of competitors in case of Chaetomorpha linum or Ulva prolifera, or chemical action on competitors in Eucheuma denticulatum [6] .
The form of a trophic resource may modify the kind of interaction between populations: in case of use of nitrogen of urea, the exploitation competition was a sole pathway of interaction of a dinoflagellate Amphidinium carterae and a diatom Pseudo-nitzschia delicatissima, while it was supplemented by allelopathic interactions in case of assimilation [7] .
Mixed cultures are sometimes used to attain their productivity [8, 9] .
In contrast to monocultures, the mixed cultures give a possibility to investigate interactions of partner species in biocenosis and simultaneously investigate impact of various environmental factors, including toxic factors. However, the mixed cultures of microalgae are still little used in biotesting as multispecies testsystems for estimation of quality of the aquatic environment.
The present study is aimed at elucidation of biotic interactions in the mixed culture of two species of MA-Scenedesmus quadricauda (Turp.) Breb. and Monoraphidium arcuatum (Korsch.) Hind.-used in monocultural biotesting, which may make grounds for their use as a two-species test-system.
MATERIAL AND METHODS
The objects of investigation are algologically pure cultures of green chlorococcaceous microalgae Scenedesmus quadricauda (Turp.) Breb. and Mononoraphidium arcuatum (Korsch.) Hind. widely distributed in freshwater water bodies of the Southern and Northern hemisphere, being an important link in their trophic chains.
S. quadricauda is obtained from the algae collection of the Microbiology Department of Moscow State University (DMMSU, strain S-3). This species is a cenobial organism and is widely used worldwide for biotesting of water quality.
M. arcuatum is a unicell alga cultivated at the Hydrobiology Department of Moscow State University and is recommended as a new test object in biotesting [10] .
The cultures are grow in Uspenskii no. 1 medium in a luminostate at 3.5 klx illumination, 22 ± 2 о С, and stirring twice a day to prevent settling of cells.
The main parameters of the cultures' state are change of abundance of cells and of growth characteristics (generation time g, specific growth rate V, ration of living and dead cells) in the development dynamics of cultures. The generation time was calculated by the equation:
where q 2 is abundance of cells at time t 2 and q 1 is abundance of cells at time t 1 .
The specific growth rate was calculated for 31 days by the equation:
where N 0 is the initial abundance and N is abundance at the 31st day of the experiment.
Development of two species, S. quadricauda and M. arcuatum, was investigated during joint cultivation with the initial cultivation of cell abundance of 1 : 1 (25000 and 25000 cells/mL.). The 31-day-experiments were carried out in 150 mL conical flasks in 50 mL of the medium.
The cells were counted in a Goryaev chamber under a light microscope. Living and dead cells were identified by means of an Axioscop 2 FS Plus luminescence microscope (Carl Zeiss, Germany). Illumination of the object with short blue-violet rays produced long-wave visible luminescence of the object: a bright red one for living cells and a green one for dead cells.
To discern the interrelation of two species in the mixed culture at the level of metabolites (allelopathic interaction), each species was cultivated in "its own" or "alien" filtrates. Biotesting was applied for determination of the toxic influence of cell-free filtrates obtained from the monoculture of S. quadricauda of "different age" (2, 7, 10, 15, 21, and 28 days) on development of a "young" 7-day-old culture of M. arcuatum and, vice versa, the toxicity of filtrates obtained from a monoculture of M. arcuatum of different "age" (2, 7, 10, 15, 21, and 28 days) on development of "young" 7-day-old test culture of S. quadricauda. Simultaneously, by means of a test culture of each species, the toxicity of "the own" filtrates of various "age" was controlled. Biogenic elements were added to filtrates of 28-day-old cultures in quantities corresponding to their content in the nutrient medium in the beginning of the experiment.
Cell-free filtrates were obtained by sedimentation of cells using an Eppendorf 5702R centrifuge (Germany) during 30 min at 4 ○ С and 3000g. The supernatant liquid was transferred to new centrifuge test tubes and centrifuged repeatedly during 30 min at the same conditions.
The results were processed statistically using Statistica 6.1 software. The statistical significance of differences of the control and experimental samples in
experiments with algae was estimated by Student's t-test, and the differences were supposed to be significant at p < 0.05.
RESULTS AND DISCUSSION
During investigation of the mixed culture, the experiments with monocultures of two species were simultaneously started.
In distinction to the development of monoculture of S. quadricauda (Table 1) , the development of the monoculture of M. arcuatum is characterized by a higher growth rate in the logarithmic phase, by its longer duration, and by later transition into the stationary growth phase. The generation time of M. arcuatum was by 1.7 times less and the specific growth rate was slightly higher than those in S. quadricauda. The abundance of cells of M. arcuatum on the 31st day increased by 480 times in comparison with the initial one, while that in the mixed culture increased by 16 times, i.e., the presence of S. quadricauda in the mixed culture clearly suppressed growth of M. arcuatum.
By the data of luminescent microscopy, the fraction of living cells of M. arcuatum in the monoculture decreased during the experiment and was 99-92%, while that in the mixed culture decreased with time and was 78% on the 26 th day.
Development of S. quadricauda in the mono-and mixed culture was different than that of M. arcuatum ( Table 1 ). The growth of S. quadricauda in mono-and mixed cultures was similar. The culture of M. arcuatum did not render a noticeable influence on the growth of S. quadricauda: there was just a slight inhibition at all growth stages of S. quadricauda by M. arcuatum.
The fraction of living cells of S. quadricauda in mono-and mixed cultures was similar and was approximately 80% at the end of the experiment.
In case of mixed cultivation at an equal inoculation titer at enrichment conditions of cultivations, the species S. quadricauda dominated over M. arcuatum already at the seventh day and gradually displaced it (Fig. 1) . The quantitative expression of interaction between the species in the combined culture was described by the interaction index (I.I.-Interaction Index):
where Xp t and Xp o are abundance of population of the analyzed species in the mixed culture at time t and t 0 , respectively, and Xm t and Xm 0 are abundance of population of the same species in the monoculture at time t and t 0 , respectively.
The values of I.I. may be equal to 1, more than 1, or less than 1. The higher is the index for one species, the more it influences the other species. The values of I.I. of two species in the mixed culture are shown in Table 2 Thus, in the mixed culture of two species, the species S. quadricauda is more competitive and displaces the species M. arcuatum. The growth of S. quadricauda in the mixed culture is close to that in the monoculture, and the growth of M. arcuatum is suppressed and is much slower than that in the monoculture. Inhibi- The filtrates obtained at different development times (2, 7, 15, 21, and 28 days) from the monocultures of each species were conventionally termed 2-, 7-, 15-21-, and 28-day-old filtrates.
It turned out that only the "old," 15-28-day filtrates of S. quadricauda inhibited development of the "young" test culture of S. quadricauda (Fig. 2a) . However, addition of the nutrient medium to the 28-dayold filtrate resulted to the situation when the growth of the test culture of S. quadricauda in it during a month was close to the level of the control culture of S. quadricauda (Fig. 2a) . Thus, the main factor constraining normal development of S. quadricauda after 15 days is depletion of nutrient resources from the medium but not growth inhibition by its own metabolites.
All filtrates of S. quadricauda (even 2-day-old filtrate) inhibited M. arcuatum (Fig. 2b) . Addition of biogenic elements to the 28-day-old filtrate of S. quadricauda did not activate the growth of M. arcuatum (Fig. 2b) . This indicated to the inhibiting impact of metabolites of S. quadricauda on growth of M. arcuatum.
Only the 28-day-old filtrate of M. arcuatum inhibited development of "young" test culture of M. arcuatum (Fig. 3a) , while, in S. quadricauda, the 15-day-old filtrate already inhibited development of the test culture of S. quadricauda (Fig. 2a) . Thus, depletion of the nutrient resource from the medium in the monoculture of M. arcuatum occurs considerably later than in S. quadricauda.
Filtrates of different "age" of M. arcuatum also inhibited development of S. quadricauda, but much less than filtrates of S. quadricauda on M. arcuatum (Fig. 3b) . Addition of biogens to the 28-day-old filtrate of M. arcuatum led to growth of S. quadricauda similar to the control. So, the metabolites of M. arcuatum slightly inhibit the development of S. quadricauda.
Thus, investigation of interrelations of two species of algae cultivated in "their own" and "alien" filtrates permits us to indirectly estimate the influence of ) metabolites of one species on the development of the culture of another species. The obtained data demonstrate that metabolites of S. quadricauda strongly inhibit the development of M. arcuatum, but the metabolites of M. arcuatum slightly inhibit the development S. quadricauda. The highest inhibition of cell development of M. arcuatum was rendered by filtrates of the "old" culture of S. quadricauda, since of algae the oxidized toxic products are accumulated in the medium with "aging."
In our experiments, the interrelations of species may be considered as negative, of the antagonistic type, when both populations inhibit development of each other via metabolites and competition for nutrients. The influence of S. quadricauda on M. arcuatum was considerably stronger. Other authors [5, 11] also indicate to antagonistic interrelations.
In case of mixed cultivation, a high competitive effect may be reached either by inhibition of development of a partner in the joint growth by toxic exometabolites or by a rapid exclusion of a nutrient resource due to a high growth rate or due to a greater requirement of biogens of one species in comparison with the other species. In the present study in development of S. quadricauda in the monoculture, the stationary phase was formed sooner than that in M. arcuatum. Therefore, S. quadricauda removes the nutrients faster from the medium. Addition of biogens to the "old" filtrate of S. quadricauda renewed the growth in it of a "young" test culture of the same species. By the growth rate, M. arcuatum surpasses S. quadricauda, probably producing more autospores. The capacity of M. arcuatum at some growth stages to produce predominantly by eight autospores and a higher rate of cell division in the initial development period lead to a higher abundance than that in S. quadricauda [10] . Therefore, more rapid exclusion of a nutrients from the medium in S. quadricauda may depend rather on higher requirements of this species in biogens and a higher rate of their exclusion from the medium in comparison with M. arcuatum.
Comparative analysis of population dynamics of two species, S. quadricauda and M. arcuatum, in mono-and two-species cultures of algae and the experiments with filtrates of these monocultures demonstrated that interaction between species may be explained by competition for nutrients and by allelopathic interactions (by the influence of exometabolites).
